The formation mechanism of the sub-block microstructure in lath martensite is explained by a two-type-slip deformation (TTSD) model. To simulate the sub-block structure morphology, the TTSD model is coupled with the phase field method resulting in the elastoplastic phase field model. The sub-block structure of lath martensite in Fe0.1C mass% steel is simulated in 3-D by employing the elastoplastic phase field model, which helps with the understanding of the formation mechanism of the sub-block structure in lath martensite.
Introduction
The martensite phase is utilized as an important constituent phase of high strength steel because of its desirable mechanical properties. As a result, the metallurgical, crystallographical, and mechanical properties of steel containing a martensitic microstructure have been intensively studied experimentally and theoretically.
14) The microstructure of the martensite phase is characterized by the minimization path of elastic strain energy. In high carbon steels, the elastic strain energy is mainly reduced by selfaccommodation, and consequently, a twinned martensite is formed. However, in low carbon steels, the elastic strain energy is generally minimized by plastic accommodation resulting in a lath martensite and dense crystal defects in the microstructure. 5) Lath martensite has a hierarchical structure consisting of packets, blocks and laths containing densely packed complex and tangled dislocations without twins. 6) Recently, it has been reported that a sub-block structure exists between the lath and block, which is composed of a particular combination of lath variants. 5) This unique subblock structure makes it necessary to clarify the formation mechanism and evolution process of lath martensite.
Recently, phase field method (PFM) has been extensively studied as a powerful tool for predicting the microstructural evolution, and has been applied to martensitic transformation.
710) Various examples of utilizing the PFM for studying microstructural evolution can be found in solidification, 1114) solid-state phase transformations 15) and grain growth. 16) At the same time, Iwashita et al. has developed a two-typeslip deformation (TTSD) model to explain the formation mechanism of lath martensite. 17) By coupling the phase field method with the TTSD model, an elastoplastic model is developed that has been applied to validate the TTSD model on explaining the formation of lath martensite and predicting the maximum dislocation density in lath martensite. 18) In this study, we employ an elastoplastic phase field model based on the TTSD model to investigate the sub-block structure of lath martensite. In addition, it is revealed that the sub-block structure is inevitable in lath martensite.
Elastoplastic Phase Field Model for Martensitic Transformations
The formation mechanism of lath martensite phase can be explained by the two types of slip deformation (TTSD) model. 17) In this model, plastic deformation is taken into account in the formation of lath martensite to accommodate the elastic energy introduced by Bain deformation. It is postulated that plastic deformation is fully assisted by dislocation slip along the two independent slip systems, i.e., ½101ð " 101Þ ¡ 0 and ½ " 101ð101Þ ¡ 0 when the ½001 £ axis coincides with ½001 ¡ 0 for the Bain deformation. Figure 1 (a) exhibits the ½101ð " 101Þ ¡ 0 slip system located on the ð " 101Þ ¡ 0 plane, and (b) shows the ½ " 101ð101Þ ¡ 0 slip system located on the ð101Þ ¡ 0 plane. Each slip system can be considered as a combination of two a=2h111i ¡ 0 dislocation slips with the Burgers vectors b 1 and b 2 . Therefore, in the present study, martensitic transformation is fulfilled by four h111i slip systems.
Field variables
Based on the TTSD model, an elastoplastic phase field model is constructed to simulate martensite transformation in lath martensitic steels. In the phase field method, an arbitrary microstructure composed of all possible orientation domains of martensite coherently imbedded in the austenite matrix can be described by a set of long range order (lro) field variables º i ðrÞði ¼ 1; 2; 3Þ, where r is the coordinate vector. i ¼ 1; 2; 3 are used to distinguish the three cases of lattice corresponding in the Bain deformation. 18) Each of them characterizes the spatial distribution of the martensite block. º i ðrÞ is between 0 and 1, where "0" represents the parent phase and "1" is the martensite phase. In the phase field model of dislocations, a dislocation loop is described as a sheared platelet with thickness equal to the interplaner spacing, d, of the glid planes. 19) By extending this description to a population of dislocations, a new set of field variables p ¡ i ðrÞði ¼ 1; 2; 3Þ are introduced to characterize the local plastic strain caused by dislocations slip:
Here, jb ¡ i j is the absolute value of Burgers vector, D ¡ i is the distance between neighboring slip planes, and ¡ is the number of active slip systems. 20) When ¡ is equal to 1 or 2, it corresponds to the plastic deformation along the slip system ½101ð " 101Þ ¡ 0 or ½ " 101ð101Þ ¡ 0 , respectively, for i = 1 as shown in Fig. 1 .
Kinetic equations
The temporal dependence of the field functions describes the temporal evolution of the microstructure. To find the microstructure at equilibrium, we have to solve the kinetic equations describing the coordinate and temporal dependence of º i ðrÞ and p ¡ i at each time moment t. In this study, both of º i ðrÞ and p ¡ i are considered as nonconserved fields because they have no kinematic constraints and their values are only determined by the free energy minimization condition. As a result, the dynamics of martensitic transformation for each field variable can be described by the AllenCahn equation, which assumes that the evolution rate of each field is linear with respect to the transformation driving force: 21) 
where L N ðN ¼ º i ; p ¡ i Þ are the kinetic parameters of each field variable, which reflect the diffusion mobility of the austenite/ martensite interface and dislocations. F total is the nonequilibrium total free energy functional of the field variables.
Total free energy
For a nonuniform system, the total free energy is defined as 22) 
where f L is the specific free energy density, f G is the gradient energy density, and E el is the elastic energy due to coherent transformation. The specific free energy provides the driving force that makes the transformation occur. The f L is approximated as a fourth order polynomial meeting the symmetry requirements of the austenite phase: 22) 
where a, b and c are the coefficients of the Landau polynomial expansion. In this study, they are chosen as a = 0.1, b = 3a +12 and c = 2a + 12 to provide a local minimum at
The ¦f is the driving force for martensitic transformation, which is equal to the specific free energy difference between the austenite and martensite phases. In the present study, ¦f is calculated using ThermoCalc with CALPHAD method. The gradient energy density f G is given by
The first term in eq. (5) accounts for contributions of the inhomogeneity of the field variable º i ðrÞ; ¬ º is a gradient energy coefficient that can be determined by fitting interfacial energies to experimental or calculated data. 23) r @=@r i is a differential operator. The second term, involving the dislocation field, is completely attributed to the dislocations core energy; ¬ p is the gradient energy coefficient guaranteeing a smooth austenite/martensite interface transition of the deformation strain field profile. 20) The n i is the unit vector along the slip plane normal.
Following the phase field microelasticity theory, 24) the elastic energy is given by
where C ijkl is the elastic coefficient tensor. For simplicity, isotropic elasticity is assumed and thus, C ijkl can be expressed as
Þ in terms of the Lamé constants and ®. The ¤ ij is the Kronecker delta function. The ¾ kl ðrÞ is the total strain, which is defined as the sum of the homogeneous strain " ¾ kl and heterogeneous strain ¤¾ kl :
" ¾ kl is a uniform macroscopic strain and describes the macroscopic deformation of the system, which is given by "
kl ðrÞdr, where V is the total volume of the system. ¾ 0 kl is the total eigen strain. The heterogeneous strain is expressed as 25) ¤¾ kl ðrÞ ¼ 1 2
where u k represents the kth component of the elastic displacement. By using the local equilibrium equation, namely @· el ij =@r j ¼ 0, the heterogeneous displacement in Fourier space can be determined. Finally, the heterogeneous strain is given by
where ik ðkÞ is the Green function tensor. ¾ 0 kl ðrÞ is the total eigenstrain, which is the sum of the elastic strain caused by the Bain deformation and plastic deformation: (10) is the eigen strain for the Bain deformation 18) and the second term represents the eigen strain for plastic deformation.
20)

Simulation conditions
The simulation of lath martensite was performed for Fe 0.1C mass% steel at 300 K by the elastoplastic phase field model in 3-D space. The kinetic equation was solved by a finite difference method with periodic boundary conditions. The transformation is numerically calculated with the fast Fourier transformation (FFT) method according to the phase field microelasticity. 24) The simulation was performed in a cube with N 3 (N = 64) grids with 4-nm grid size, resulting in a 256 © 256 © 256 nm 3 computational domain. For the initial state, a dislocation loop with a radius of 12 nm and thickness was set in the center of a homogeneous austenite crystal. This dislocation loop introduces a stress-free strain, which affects the microstructural evolution of lath martensite. The lattice parameters of both austenite and martensite phases in pure iron were calculated with the experimentally obtained thermal expansion coefficients a £ ¼ 3:599 Â 10 À10 m, a ¡ 0 ¼ 2:867 Â 10 À10 m and c ¡ 0 ¼ 2:880 Â 10 À10 m, respectively.
26)
For an isotropic system, the Lamé constants and ® are estimated to be 123 and 72 GPa from the Young's modulus and Bulk modulus of pure iron, respectively. 27) The driving force for martensitic transformation ¦f is calculated to be 5085 J/mol. The gradient energy coefficient ¬ º is set to 1.6 © 10 ¹14 J·m 2 /mol by fitting the interfacial energy per area, £ = 0.01 J/m 2 calculated from TEM data, 22) and thus ensuring a coherent boundary between the domain walls. The gradient energy coefficient ¬ p is fitted to 30 © 10 ¹14 J·m 2 /mol to guarantee a smooth transition between the deformed strain field profile on the austenite/martensite interface. The kinetic parameters of L N with respect to º i ðrÞ and p ¡ i are set to be the same to guarantee the diffusion-controlled microstructure evolution and L Ã N ¼ 1, where the asterisk denotes a dimensionless quantity. The unit time step is selected as Át Ã ¼ 0:001 to maintain numerical accuracy and stability.
Results and Discussion
For simplicity, only six variants among the twenty-four K-S crystallographic variants are considered, which correspond to the region in a packet of lath martensite. Figure 2 shows the simulation result of the time evolution of the blocks on the {111} plane in a packet. The deep blue areas represent the retained austenite phase and the other colored areas (blue, yellow and red) represent three different blocks, which are formed in the Bain deformation because of the three cases of lattice corresponding as explained by the TTSD model. The occurrence of each block is determined by the value of º i ðrÞ. In this study, it is postulated that each block is formed only when º i ðrÞ ! 0:7. At t* = 2, all three blocks appear around the initial dislocation loop, which is set at the center of the austenite cube. Figures 2(b) and 2(c) show that different blocks grow larger along the existential martensite phase. During the growing process of the blocks, if a second order block meets a first order block, it will stop growing, resulting in that the first order block growing along a straight line. In this manner, the martensite phase expands until the morphology of the full martensite phase appears. At t* = 20, the blocks occupy the whole packet, which indicates that martensitic transformation is almost complete. Figure 3 shows the simulation result of the time evolution of the sub-blocks in a packet. The six colored areas represent the six variants in a packet of lath martensite which are illustrated explicitly in Fig. 3(e) . It is observed that the time evolution of variants is similar to that of blocks as shown in Fig. 2 . The only difference is that each block is further divided into a pair of variants, i.e., V1V4, V2V5 and V3V6 as shown in Fig. 3(e) , because of the subsequent two-type-slip deformation. These combinations of variants correspond with the unique sub-block structure of lath martensite reported by Morito et al. 5) In the TTSD model, two variants belonging to a sub-block have the same lattice deformation but different plastic deformation. Considering V1 and V4 as an example, the two colors in area "A" shown in Fig. 3(e) represent the two variants forming the sub-block structure. They originated from the same block distinguished by the field variable º 1 , where the ½001 £ axis coincides with ½001 ¡ 0 . However, for the following plastic deformation, if the plastic strain p showing the degree of plastic deformation along the specific slip system. The subscript "1" represents a kind of lattice corresponding that the ½001 £ axis coincides with ½001 ¡ 0 for the Bain deformation. The superscripts "1" and "2" correspond to the two slip systems as mentioned in section 2. In other words, the slip system of a unique variant is an alternative between ½ " 101ð101Þ ¡ 0 and ½101ð " 101Þ ¡ 0 . The slip deformation will occur along the slip system having a larger value of p ¡ i ðrÞ. This alternative choice of the two slip systems inevitably results in the existence of the sub-block structure in lath martensite. The morphology of the sub-block structure at t* = 20 predicted by 3-D simulation is shown in Fig. 3(f ) . It is found that the surface of the austenite cube has been covered by the lath martensite phase, exhibiting the morphology of full lath martensite. The simulation results of the sub-block morphology in lath martensite are consistent with the experimental observations that variants of the subblocks have only a small misorientation.
5)
Conclusions
The sub-block morphology of lath martensite phase in Fe 0.1C mass% steel was simulated by the phase field model in 3-D. The simulation results indicate that each block in a packet is further divided into two variants, which is the subblock structure. The two variants in a block have the same lattice deformation but different plastic deformation. Moreover, the slip system of each variant in plastic deformation is an alternative for the two independent slip systems, resulting in the appearance of the sub-block structure. The simulation results are consistent with the experimental observations. The formation mechanism of the sub-block structure in lath martensite is clarified by the use of elastoplastic phase field simulation based on the TTSD model. The existence of a subblock structure in lath martensite is an inevitable result of the two-type-slip deformation model.
